ABSTRACT Rhizobium spp. show chemotaxis to plant root exudates. Both legumes and non-legume root exudates attract the different rhizobia studied. However, the bacteria show a differential response in that they are attracted to the root exudates of some plants and show no attraction toward others. An example of negative chemotaxis was also observed.
various legumes. This work is also concerned with both nodulation and effectiveness of nitrogen fixation.
MATERIALS AND METHODS
Bacteria. Five strains of Rhizobium were received from Nitragen (3101 W. Custer Ave., Milwaukee, Wis. 53209): a trefoil strain (95C13), a sainfoin strain (116A12), a Rhizobium japonicum strain specific for soybean (61A76), and two R. meliloti strains specific for sweet clover and alfalfa (102F66) and 102F51). A cowpea strain (32A1) was received from R. Valentine, University of California, Davis. These cultures were maintained on slants of yeast extract-mannitol media (14) , containing 1.5% agar, 1.0% mannitol, 0.1% yeast extract, 1.71 X 10-3 M NaCl, 7.8 x 10-4 M CaCl2, 7 .3 x 10-4 M MgSO4, 4 .59 x 10-3 M K2HPO4, and 1.47 x 10-3 M KH2PO4. Bacteria were transferred every 2 weeks. Some stock slants were stored under water at 4 C. Every 2 months new cultures were made from these stock slants.
Plants (20-24 C) , 200 ul of the gas phase was removed and injected into an F and M model 400 gas chromatograph containing a glass column (0.64 cm x 1.83 m) of Alumina F-I (Applied Science Laboratories) flame ionization detector, helium flow rate 46 ml/min, 130 C isothermal. The areas of the ethylene (retention time 1.5 min) and acetylene (retention time 5.7 min) peaks were determined by triangulation, and the percentage of acetylene reduced was calculated.
Chemotaxis Assay. A chemotaxis assay based on that of Adler et al. (3) was used to measure the attraction of the bacteria to legume root exudates. Bacteria from a 4-to 7-day-old slant on YEM2 were suspended in sterile H20, the concentration was measured, and 1 x 108 cells were added to 500 ml of defined liquid medium. This medium was based on that of Jensen (1) 4 .52 x 1o-6 M KI, and 7.40 x 10-6 M FeCl3. After autoclaving, 1 ml of a filter sterilized solution of biotin, nicotinic acid, and calcium pantothenate was added to the medium (50 ml of the vitamin solution contained 2.5 mg biotin, 25 mg nicotinic acid, and 25 mg calcium pantothenate). It should be noted that only the sainfoin strain of Rhizobium and R. japonicum were able to grow in this medium without the added amino acids. Further, the sainfoin strain also grew well without the addition of vitamins. These liquid cultures were incubated at 25 C in a New Brunswick shaking incubator (150 rpm) for 4 days. The bacteria were harvested by centrifugation at 4 C and 4340g for 10 min, resuspended in 100 ml of sterile H20, and recentrifuged. After the wash, the cells were resuspended and 1 x 108 cells were transferred to 125 ml of labeling medium. This medium was identical to the above except that it contained 1.11 x 10-3 M glucose and 10 pCi >_[U-_4C]glucose (234 ,uCi/mmol). 
RESULTS AND DISCUSSION
Six of the ten legumes, birdsfoot trefoil, sainfoin, alfalfa, alsike clover, red clover, and white clover used in this study showed nodules when inoculated with at least one of the six strains of Rhizobium (Table I) . Trefoil showed the greatest specificity, being nodulated only by the trefoil strain of the bacterium. Alfalfa was the least specific and was nodulated by all six strains of the bacteria used. The clovers and sainfoin were nodulated at low levels by the sainfoin strain and R. meliloti strain 102F51.
Of the six legumes nodulated only birdsfoot trefoil and alfalfa were effective in reducing acetylene (Table II) . Alfalfa was able to reduce acetylene and hence able to fix nitrogen (9) , when nodulated with five of the bacterial strains. The cowpea strain efficiently nodulated the clovers, but produced ineffective nodules on all three clovers as well as on alfalfa.
Many other cases of nodulation outside of the cross inocula- Nodules were ineffective and did not reduce acetylene. (13, 26) . In many cases these nodules were ineffective (13, 15 (Table III) . In no case was a given strain of the bacterium attracted to root exudates of all 10 legumes. Only alsike clover root exudate attracted all six strains of Rhizobium. No one-to-one correlation between chemotaxis and nodulation was seen (R = 0.16). Thirty-two cases were found in which chemotaxis occurred yet no nodules were formed, i.e. trefoil with sainfoin strain, R. japonicum and R. meliloti 102F66. Four cases were seen in which nodulation occurred yet no significant chemotaxis was demonstrated (R. meliloti 102F51 with sainfoin, alfalfa, red clover, and white clover). In three of these cases, the per cent nodulation is so low, 14% or less (Table I) , as to suggest only random encounters between the bacteria and the legume root. Yet with alfalfa, nodulation is highly efficient.
Nodulation of legumes is extremely complex and involves many different steps: (a) accumulation of the bacteria at the root surface; (b) induction of root hair curling; (c) infection thread initiation; (d) orientation of the infection thread toward the root cortex; (e) location of a tetraploid cortex cell; (J) release of the bacteria within the tetraploid cell; and (g) bacteroid formation. Any of these steps may involve several distinct mechanisms and show specificity in both the host plant and the bacteria. Differential chemotaxis is probably the earliest manifestation of specificity in this extremely complex interaction.
Chemotaxis is not absolutely specific and probably not mandatory for nodulation. Many plants which are not nodulated exude chemicals which attract Rhizobium spp. Even non-legumes, which are never nodulated, produce root exudates which attract Rhizobium (Table IV) . Yet most plants which are nodulated attract rhizobia. This may, along with rhizobial growth stimulation in the rhizosphere of legumes, establish a favorable environment for nodulation. A second selection procedure, e. g. binding of rhizobia to legume root lectins (5), might refine the specificity of nodulation.
The result in the cicer milk vetch-R. meliloti 102F66 combination was interesting in that it demonstrated negative chemotaxis (Table III) . Less bacteria were attracted to this root exudate than to the medium control. Negative chemotaxis has been (24) . In this case, E. coli were actively repelled by several chemicals. Perhaps the cicer milk vetch root exudate also repells R. meliloti 102F66.
The highly efficient and effective nodulation observed with trefoil and the trefoil strain of the bacterium (Tables I and II) indicates that this system would be an excellent choice for further studies of nodulation. The relatively short time from inoculation to production of detectable nodules makes it much easier to use than the red clover and lucerne systems (17, 22, 23) . The highly efficient nodulation removes the necessity for large numbers of plants for a single treatment. The small size of the plants also simplifies the measurement of effectiveness.
Chemotaxis in the trefoil strain of Rhizobium seems to be qualitatively different than that in E. coli. E. coli are attracted to a number of sugars and amino acids. The trefoil strain of Rhizobium was not attracted to the common sugars -ribose, deoxyribose, fucose, arabinose, xylose, glucose, fructose, mannose, or galactose -when they were tested at 10-3 M in swim buffer. The L sugars -arabitol, rhamnose, and fucose -at 10-3 M also had no effect (attractant or repellent). The sugar alcohols-inositol, mannitol, arabitol, and sorbitol-also had no effect at 10-3 M. The disaccharides, maltose and sucrose, and the trisaccharides, raffinose and melezitose, had no effect at 10-3 M. Eighteen amino acids (glycine, alanine, valine, leucine, isoleucine, serine, threonine, cystine, glutamic acid, aspartic acid, lysine, arginine, histidine, tyrosine, proline, methionine, asparagine, and glutamine) had no effect at 10-3 M. Dextran 20 (mol wt -20,000), dextran T 40 (mol wt -40,000) both from Pharmacia and dextran grade II (mol wt 60-90,000) grade IV (mol wt 150-200,000) (Sigma) and blue dextran showed no effect at 0.01 mg/ ml to 1 mg/ml. Initial work with fractionation of the trefoil root exudates has shown that the trefoil strain of Rhizobium is attracted by a macromolecule produced by the legume. This is more comparable to the mammalian leucocyte which is more attracted by large peptides than small peptides and amino acids, rather than E. coli which is attracted by small compounds (2, 3, 20) . However, preliminary results with R. japonicum indicate that it is attracted to some simple sugars.
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